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Abstract - Atmospheric corrccticm schcJnes, using various
lCVCIS of approximation, arc dcscribcd to relrievc surface
bidirectional rcflcctancc factors  (BRFs) and dirccliorral
hemispherical rcflcctanccs (albcdos) from multi-angle radiance
mcasurcmcnts.  Observational scenarios include mcasorcmcnts
from space-based and airborne platforms and from the ground.
l’hc retrieval schcmcs arc tested on simulated data incorporating
realistic BRFs and atmospheric models containing aerosols. It is
assomcd that the optical properties of the atmosphere arc known
WCII enough to model the radiative effects in (IIC  rclricvtrl
process. Sensitivity of the atmospherically-corrrcc(cd 111{1’s  and
associated hemispherical rcflcctanccs to various aerosol
propcrlics and the srrn-view geometry is illustrated.
Keywords - atmospheric correction, sorfacc rcflc.ctancc.

lN-J’l{C)lIUC’I’lON

The directional reflectance properties of natural surfaces such as
soils and vegetation canopies arc an csscnlial  inpul to lhc surfwc
model inversion process [1] and the study of biosphcric irnd
atmospheric climate proccsscs  [2, 3, 4]. I1owcvcr,  an acoralc
determination of surface directional rcflcc[ance requires that the
rartiancc mcasurcmcnts  bc corrected for ahnosphcric  effects
even when the measurements arc made at the surface [5]. For
surface observations this cowcclion process generally rnusl bc
more sophisticated than ralioing the radiance measurements to
those from a lambcrtian  target rcftcctor  since the directional
propcj-iics  of the downward diffuse radiance ficlct arc not fully
accounted for by this technique.

In this paper wc investigate the accuracy of various atmospheric
correction schemes, ranging from rigorous to highly
approximalc, which were applied to simrrla[cd multi-crnglc data
obtained for three types of ohscrving  scenarios: 1 ) spocc-hascd
mcasurcmcnts  with MISR (Mul(i-angle Imaging Spcctro-
Radiomcter)  on the 130S-AM plalform to bc launched in 1998,
2) airborne measurements with ASAS (Advanced Solid-State
Array Spcctrometcr),  and 3) ground level mcasnremcnts  wi(h
PARATIOLA(Por[able Apparatus for Rapid Acquisition of
Bidirectional Observations of the Land and Atmosphere). 11 is
assumed that the c)ptical properties of the ahnosphcrc  arc
known, ci(hcr from Jicld mcasurcmcnts  or infer-red from the
multi-angle data itself [6], so that (hc atmospheric rarliativc
effects can bc directly incor-poratcd into (I}c sorfacc rcflcctancc
rckicval scheme. Ilw  simula(cd data were computed using

rcalislic surface bidirectional rdtcclancc  distribution functions
(IIRDFs) anrl atmospheric models containing various amounts
of aerosols.

MUJ/T1-ANGI.13  RAI)IANCIL  DATA S11S

Rcflcctancc mcasuremrmts of 11 distinct  types of nrrtural
surfaces in AV1lRR  wavclcnglh bands 1 and 2 at 0.58-0.67 pm
and 0.73- 1.1 pm, respectively [7-9] provided 22 distinct DRI~s  to
bc analyzed in this study. The characteristics of the l)l<l;s arc
Iislcd in Table 1.

“1’able 1. IIRDF Characlcristics

Case Cover Type I.oca(ion I It (cm) Cover (%/
1 Plowed fiC1d Tunisia, Africa
2 Grassland Tunisia, Africa <3 <5
3 Steppe Grass Tunisia, Africa 38 18
4 Ilard  Wheat Tunisia, Africa 46 II
5 ]rrigatcd Wheat “1’unisia, Africa 76 70
6 Ilardwood  forest Jlcltsvillc, Maryland 1100 75
7 Pine forest Bc]tsvillc,  Maryland 2200 79
8 Lawn grass Dcl!svillc, Maryl[ind 14 97
9 Corn Dcl(svillc,  Maryland 33 2s
10 Soybeans Ilcltsvillc, Maryland 77 90
11 Orchard grass Bc]tsvillc,  Maryland 22 50

“1’hc  mcasurcmcnts  were made over the entire azimuth angle
range, starling from the principal plane and proccccding in 45°
incrcmcnts,  and over the zenith angle range from 0° to 75° in
15° incrctncrrts  for a total of41 tncasurcmcnls  pcr solar z.cni(h
angle. ‘J”hc solar zenitil angle covcragc varied depending on the
surface type but mcasurcmcnts  were usually made at 3 or 4
different solar zenith angles within a range from 23° to 82°. A
2-dinlcnsional  cubic splint in[crpolatirm schcnlc then was
app]icd  10 these data scls 10 compulc  the BRF al al-bitrary
incidcncc and rcftcction  angles for usc in (IIC  radia(ivc transfer
proccdurc. };rom the nature of lhc mcasoremcnts lhcsc llRFs slill
contain the cffecw of the almosphcrc.  I:or lhc purposes of this
study, however, it was assumed that the cxpcrimcnlal rcflcclion
factors arc the true surface llRFs.

flccausc surface rcJlccL3ncc  depends on solar zenilh angle, lhrcc
different sun positions were investigated with mwith atujcs SCI
at 25.6°, 45.9°, and 64.0°. The dircc[ional hcmisphcricnl
rcflcclanccs  for the 11 surface types in the two spectral bands
aIId at the three sclcctcd sun positions were crrmpukxl by
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integrating the IIR17S over view angle and arc displayed in lhc
bar graph shown in Fig. 1. ‘1’hc  smallest rclcctance, 0.032, is for
srrybcans (case 10 in band 1 at a solar zcnilh angle of 45.9°) and
lhc hrrgcst, 0.621, is for irfigalccl wheat (case 5 in hand 2 al a
solar mmith angle of 64.00).
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l’ig. 1. IMrcctjonal hcmisphcrlcal rcffcclances of tbc 11 surface. types
in band 1 (lop) and band 2 (bottom) for three solar mail]) aaglcs.

The BRFs also have a wirlc variety of shapes, ranging from,
strong backward and forward scattering to little angular,
variability. For example, soil (case 1) exhibits s(rong  backward’
scatkring  in band 1 which is highly dcpcndcnt on solar zmith
angle, while a pine forest (case 7) exhibits mo(fcratc forward and
backward scattering in band 1 over a wide range of solar zenith
angles. These two surface types rcprcscnt  the rcffcc(ion
va[-iahility extrcrnes for d)c cmcs in Tab]c 1 and arc used as
examples in the suhscqucnt  retrieval analysis.

‘IIIc  atmospheric model uscct in the radiance simulations
includes the effects of both Raylcigh and acrrrsol scat[cring. ‘Ihc
Raylcigh oplical depth was set to 0.049 for band 1 and 0.010 for
band 2 with a stan(hrrd atmospheric scale height. The optical
prrrpcrtics  of the aerosols were assumed to bc identical in bands
1 and 2. ‘1’hc  aerosol scattering was computed using Mic theory,
with a phase function dcscribcd  by an asymmetry parameter of
0.517 and a single-scattering albcdcr of 1.0. I’hc particle dcn.si(y
scale height was set at 2 km, not untypical of tropcrsphcric
aerosols. A number of different aerosol optical dcp(hs  were
considcrcd, ranging from a low of 0.1 to a high of 0.5.

Using the 22 surface BRFs and Ihc aerosol-laden
atmospheric models described above, simrrlaled  grmmd-lcvc]

radiance dala scls were crrmpulc(t for the viewing gcomclrics  of
the lhrcc spccificd  obscrvatinnal  scenarios. ‘1’hc ground le.vcl
radiances were spaced 45° in a7.in]uth angle s(arting fmm tlw
principal plane and spaced 15° in Tcni(h onglc from 00 I() 75°.
I’ARAIIO1.  A  t)orlniilly  san~plcs on o ]nuch finer glid I,o( tile
spacing is inhcrcnlly non-uniform and the data arc SObSCLIUCIIIIy

rcsamplcd  [ 1()]. “lIIc  viewing angle samplings dcscrihcd above
i.s a typical resample,d data set. I“hc ASAS viewing gcomc~ry
was set up with zenith angles spaced 15° from 0° to 60c” and 01

two azimuth angles spaced by 180°. “I”his aT.in\uth ang]c
separation simulates viewing in both the forcward  and aftward
directions along the aircraft line of flight. Illc MISR vic.wing
geometry is similar to the ASAS viewing geometry but wit})
zenith angles set at 0°, 26.10, 45.6°, 60°, and 70.5° in both the.
forcward and aftward directions. As a simpliticalion, the
simulotcd data sets do not inc]udc the cffcc[s of a fini(c view
solid angle.

RE’J’RIEVAL  A1’I’ROACII  ANI) RI; SULTS

Ground Level Observations. The radiimcc rcflcctcd from a
surface is a combination of direct sunlight and diffosc radiation
caused by scattering of sunlight within the atmosphere. Since
the a(mosphcric  properties arc assumed to bc known, the
rclcctancc measures can hc invcrle.d  to obtain the, surfucc. I}l<F.
‘fhc rigorous approach to determining tbc DRF of the sorfacc is
to itcralc OJI succssivc  IIRF solutions with the diffuse radiance
conlponcnt  being computed using the previous iteration’s
s o l u t i o n ,  I’bc il]itial so]rrlion for the IIRF is Obl;lincd  by
considering direct sunlight only. “1’o achicvc maximum accuracy
in this retrieval proce.as,  a con~hincd data SCI  was oscd w})ich
included the reffcction mcasorcmcnts  at all three of lhc nokxl
solar mnith ang]cs. “1’hc azimuth ang]c of the son, $., was placed
at 0° for each of the lhrcc solar  xmith angle cases. Use of the
three son angle sets togclhcr will allow a IUOIC acc.uralc.
determination of the BRF since the incidcncc angle dcpcn(icncc
of the BRF can bc accounted for when the su[”facc is il]urninalcd
by diffuse radiation.

I;or the heavily laden acrosrrl  condilion (optical depth = (1.5),  the
rctricvcd BRFs in band 1 for (I1c 11 surface types arc displayed
in };ig. 2, cxprcsscd  in terms of a fractional deviation 6 for each
solar 7,cnith srnglc. “Ihc fractional deviation 6 for il give.n llRIi
type is defined as

ti(po ) = ++
r( P;, Po, @j-$O)  -  l’o(  ~l;,  Po,  $-$0)

NIIO)

–– (1)
lJ

where II, p. arc cosines of the view and sun zcnilh angle.s
respcctivcly,  $ - @o is tbc aT,inluth angle measured from Ihc
principal plane, r and r. arc the rc[ricvcd and cor-rcct 1]1{1’s
rcspcctivcly, A is the directional hemispherical rcflcctancc, and
N is the nombcr of unique rncasurcmcnts  (26 for the dcscribcd
data sets). Allhough the irrigated wheat IIR1; (case 5) al 64.0°
solar T,caith angle shows a fractional dcvia(ion  as high as 0.07,
the average fractional deviation for the 22 RRF cases (hand 2 is
not shown) is under 0.03. ‘1’hc  corresponding band 1 dircc(ional
hcmisphcricnl  rcftcctances  c o m p u t e d  fronl the  vctricvc.d
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bidirectional reflectance factors also rrrc shown in Fig. 2 as a
pcrccnt (tiffcrcncc from the corrcc~  values of Fig. 1. Again, the
largest crr~rs in dlc hcIllk~hcriC~l  lCflCCIUl)CCS IC[lCh Ilbolil  T%

but lhc average errors for all 22 BRIJ cases is just over 2%
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retrieval results is dc.sired.

For Ihosc dilh  scls producc(i  wi[b progressively smaller aerosol
oplcilic.s, the rclricval rcsul{s followed the stimc Ircnds as those
illusl(atcd  for lhc dala scls with an opacily of ().5 bul wi[ll
systematically increasing accuracy. l’hc BRF rclricval results
for tbc data SCLS with an aerosol opacily of 0.1 , for cxampk.,
were lhrcc (0 four times mcrrc  accoratc than lbc results in l:ig. 3.
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Hg. 2. (top) Fractional deviation of rclricvcd BJWS from true 11 l/l;s.
(ttollrrm)  IIcndsphcrical  rcffcclance difference bet wccn rcflcclanccs
computed from rctricvcd  BIWS and true rcffeclances,  Results are
displayed for three solar zenith angles using the rigorous algorithm.

Retrievals were also done on the data sets where (hc aerosol
loading was not so great and the results show the same trcntts as
the heavy loading situation but wid~ a s[ca(ty improvement in
accuwcy  with decreasing aerosol optical depth. For the data sets
with an optical depth of ().1 tbcre is rrboul a frrctor of two
improvctnent in retrieval accuracy over those data sets with an
opacily of 0.5, for both the individual BRFs and the directional
hemispherical rcflectanccs.

‘llc  tcchniquc of ratioing the measured radiances to d)osc from
an ideal lambcrtian target illuminated by the same sky radiation
is oflcn used to corrccl the surface BRF for atmospheric effects.
Fig. 3 shows the rch-icval rcsolts  using this approximate
irlgorilhm  on those data sets produced with an aerosol opaci[y of
0.5. A significant reduction in accuracy, when compared to the
results from the rigorous algorithm, is cvidcn( when this
ai~i>roximatc algoridml is used. It is of interest to note that WIICU
the rigorous retrieval algorithm is used individually on tbc sing]c
solar zmid) angle data sets, so that the approximation of no
incidcncc z,cnith  ang]c dcpcndcncc of tbc BRF is ncccssary, the
results arc only about 30% bct[cr than those using the ratioing
lcchniquc. l’bus, the incirtcncc angle dcpcndcncc of the BRF
must bc accounted for (by means of rcfkxtion  mcasurcmcnts at
a range of solar xmith angles) when high accuracy in dlc
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Ihg.  3. Sanlc as Ifig. 2 cxccpt resrrlls  were obtainc41 using (I1c  ralining
(appmximatc.)  algorithm..

Airirornc  rrnrt  Sprrcc-tmscd  Obscrvrrtirrn.s. Unlike ground
icvcl ohscrvations, where it is rCli\tiVCly  easy 10 make reflection
mcasurcmcnls  which sample lhc cn(irc hcmisphcrc  of viewing
angles, airbol-nc and space-based observations generally arc
rcstl-ictcd to a single cut in azimuth angle. “l”his means that a
nombcr of mmith view angics can bc achicvcd when looking in
the forward motion dircc[ion and a~~in in the backward motion
dircc[ion and where there is a 180° diffcrcncc in a?.imuth angle
bctwccn the forcward and aftward views. ‘l’his iirnitcd angular
covcragc makes any surface retrieval scheme nmrc crmr prone
since the downward diffuse radiance component to d)c rcflcctcd
radiance is more difficult to accura[cly quantify, In fact a BRF
model most bc used in the computations wi)ich in some rncasurc
accounts for the azimuthal variation. For dlis study wc used a
simple cosine rci>rcscntation,

r(~l, $- @o) = ro(}l) + r](p)  cos($ – r$()) (2)

where no incidcncc  zenith angle dcpcndcncc is assumed since
rncasurcmcnts  at only a single solar 7cnidl angle is normally
obtained. “1’bcrc is no substantial diffcrcncc  in lhc retrieval
algorithms for ASAS data and MISR data. I’hc radiative terms
in tbc algori[hrn  arc cornputcd diffcrcndy,  however, duc to (I1c



\-. , “:*

fact that ASAS flies rrt an atitudc of about 5 km and lhos can
Imvc  a non-negligible atmospbcric Iilycr above that altitodc.

la Fig. 4 rclricval results arc shown for MISR obscrvatirms widl
a 45° view azimuth angle oricnlalirm 10 lhc principal plane.
Again, tbc aerosol opacily is 0.5, and L3RI’s and rcftcc(ances for
band2 only arc displayed for the tbrcc solar zcnitb angles.
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Fig. 4, Same as Fig. 2 except resulls were obtriiacd usingMISI{  data
with a 45° view a~.imuth angle oricnlatioa 10 Ihc principal plane.

An analysis of the ASAS data for the same atmosfrbcric
conditions and with the same view a?,imu(h angles as tbc MISR
data produces similar retrieval results. Also, like (I1c ground
ICVC1 retrievals, when the optical depth of the atmospbcrc
dccrcascs  the retrieved BRFs and bcmispbcrical  rcflcctances
show a corresponding irnprovcmcn( in accuracy.

1)1 SCUSS1ON ANI) CONCLUS1ON

l’hc correction of surface directional reftcctance mcasurcmcnts
for ahnosphcric  effects can bc accomplished in a direct way
provirfcd the ncccssary  atmospheric parameters arc known so
that the associated radiative properties can tzc dctcrmincd. For
ground lCVC1 mcasurcmcnts  it is possitrlc to obtain cxccllcnt
covcrssgc of viewing angle over the hcrnisphcrc. 1 lowcvcr,  for
JIRJ:s with a strong solar a-mill] arrglc dcpcndcncc it is also
ncccssary to obtain rcflcciion mcasurcmcnts for a wide range of
solar zenith angles when high accuracy is required of the
retrieval process. I“his is especially true when atmospheric
optical depths arc about 0.3 and greater bccausc of the large
diffuse field contribution to the reflected radiation. I’hc retrieval
of the BRF tends to bc more suseptibIc  to error than the
bcmisphcrical reflectance because tbc angle integrating process
for computing rcflcctancc  tends to average out posilivc  and

ncgalivc errors in tbc lll{l;.

Surface retrievals using dit-cctirrnal  rcflcclancc l]lc:(st)t-c:t]l(:ilt,~
made from airbrrrnc and space-based pla(fonns  arc inherently
Icss accurate lhan rclricvais  using ground Icvcl lllc:tsllrl~lllcll(s.
“I”his is duc to both tbc Iimilcd azimu[b angle and (IIC solar zenith
angle covcragc. } lrrwcvcr,  CVCI)  W h e n  lbC MCilSUL’CMCliK  iliC

made at only IWO azimudl  angles and a single mnith  angle, (IIC

rc(t-icval  can produce quite acceptable iwcurticic. s. It is
anticipated that if a paramctrimd  pbysici]l  model is incorporakxl
in[o the retrieval process the accuracy can bc ilnprovcd
significantly.

Ackllo\}lc(lgcll~cl~t.  I’his rcscarcb was carried OU[  by the Jet
Propulsion 1.abora(ory,  Ciilifrrrllia Insli{utc of ‘1’cchnulogy,
under contract with tbc National Acronau~ics  and Spocc
Administration.
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